In the 3rd edition of its Guidelines for Drinking-Water Quality (2004) (GDWQ) the World Health Organization (WHO) promotes the use of risk assessment coupled with risk management for the control of water safety in drinking water supplies. Quantitative microbial risk assessment (QMRA) provides a tool for estimating the disease-burden from pathogenic microorganisms in water using information about the distribution and occurrence of the pathogen or an appropriate surrogate.
INTRODUCTION
For many years the water sector has relied upon compliance with end-product standards to ensure water safety. Recently, however, the water sector has begun moving towards the use of risk assessment coupled with risk management as a more effective tool for the control of water safety (Deere et al. 2001; Davison et al. 2005) . This approach to water safety has been incorporated into the 3rd edition of the Guidelines for Assessing risks from water supplies is important when trying to make judgements regarding the level of safety required in the light of alternative and multiple routes of exposure (Fewtrell & Bartram 2001) . These assessments are of particular value in developing countries, where microbial pathogens may be transmitted by a number of routes (Esrey et al. 1991) . In many cases, improving the microbial quality of water may have less impact on disease than investments in sanitation, hygiene or level of water supply access (Esrey et al. 1985 (Esrey et al. , 1991 Howard & Bartram 2003) . various outcomes from different pathogens, the use of disability adjusted life years (DALYs) has been recommended in risk assessment (Havelaar & Melse 2003; WHO 2004) . Murray & Lopez (1996) provide data from which to calculate DALYs for health effects derived from infection by waterborne pathogens.
QMRA is typically confined to individual causative agents and specific disease symptoms rather than undifferentiated health effects (Haas et al. 1999) . Initial work in the US developed risk models for Giardia and rotavirus, which provided the levels of treatment required to meet targets related to acceptable levels of risk of disease (Regli et al. 1991) . This analysis was possible because the health data required for the analysis were readily available.
Completing a QMRA for every pathogen that may be transmitted by water would be time-consuming and the necessary information is currently not available for many The limited data on pathogens in developing countries requires that a QMRA be based on the occurrence of indicator organisms. Despite the weaknesses of using indicator organisms, Haas et al. (1999) believe that many initial QMRAs will have to be performed using data on indicator organisms due to inadequate data for occurrence of pathogens. The use of indicator organisms does, however, require assumptions to be made about the relationship between pathogens and indicators that introduces an additional level of uncertainty into the risk assessment.
QMRA is an important tool for describing the potential risks from water supply and for informing water safety management strategies. There are challenges to applying the method anywhere, but these challenges are greater in developing countries with limited data and resources. If QMRA is to gain acceptance and be used in developing countries, it must be offered in a workable and simple form.
This paper describes the successful use of a simplified QMRA of the piped water supply, protected springs and water stored in households in Kampala, Uganda.
Description of the water supplies in Kampala, Uganda
The National Water and Sewerage Corporation (NWSC) is responsible for the provision and quality control of domestic piped water in Kampala. During the period of study, the distribution system was managed under contract by a private operator, Ondeo Services Uganda Limited. Raw water is drawn from the Inner Murchison Bay on Lake Victoria and passed through one of two treatment works, Gaba 1 and Gaba 2. The Gaba 1 works uses rapid sand filtration followed by chlorination; the Gaba 2 works has a coagulationflocculation-settling step before filtration and chlorination.
Gaba 1 supplies the low-level distribution system close to the plant and the Gun Hill reservoir in the centre of Kampala, which, in turn, supplies the low-level distribution system in the centre of the city. Some water from Gaba 1 is pumped into the primary transmission main from Gaba 2 that runs to the Muyenga balancing tanks. The Muyenga balancing tanks supply the high-level distribution system directly, and via three further service reservoirs. There is a total of 871 kilometres of pipeline supplying 120 Ml per day from the works.
Overall connection rates in Kampala were low during the period of study. The household connection rate was approximately 20%. Of the population without a domestic connection, previous studies have estimated that 70% use piped water for at least part of their domestic needs, but that the use of alternative sources was common (Howard et al. 2002) . The alternative supplies in Kampala were primarily protected springs, which are found spread throughout the city in low and high density areas (Howard 2001) . Many of these springs are contaminated and have been shown to be associated with diarrhoeal disease (Barrett et al. 2000; Nasinyama et al. 2000; .
Data used in the QMRA were taken from three sources: routine monitoring by NWSC, data collected during a threeyear surveillance project managed by the Ministry of Health (Howard & Luyima 1999) and specific water quality assessments undertaken in 2002 and 2003 by the authors as part of a larger research project to develop water safety plans.
METHODOLOGY Risk assessment procedure
The disease burden was calculated following the method described in the 3rd edition of the GDWQ (WHO 2004).
The approach is summarised in Table 1 .
Selection of reference pathogens and indicator organisms
Three reference pathogens were selected for this assessment:
pathogenic Escherichia coli, Cryptosporidium parvum and rotavirus. However, as pathogen data from water supplies in Uganda was scarce, indicator organisms were used as surrogates. The surrogate organisms were: thermotolerant coliforms (E. coli was confirmed in some of the studies) to indicate the presence of pathogenic E. coli; sulphite-reducing clostridia as a model for protozoa removal through water treatment processes; and somatic coliphages as a model for human enteric virus removal through the treatment processes. Risk assessments were performed for all three reference pathogens for water leaving the treatment works, but only for pathogenic E. coli in the distribution systems, protected springs and household water as data were only available for thermotolerant coliforms.
Reference pathogens
Several pathogenic strains of E. coli have been identified (Haas et al. 1999) . Enterotoxigenic E. coli (O157:H7) is a well-known waterborne pathogen in developed countries and has been the cause of high-profile outbreaks of disease, such as that at Walkerton, Ontario (Health Canada 2000; (Haas et al. 1999; WHO 2004) . This is particularly important in Uganda, where previous studies have shown that a significant proportion of microbial contamination is derived from animal faeces (Barrett et al. 2000) . In undertaking the QMRA, the risk from all pathogenic E. coli was calculated based on the impact expected from E. coli O157:H7.
C. parvum was selected as a reference pathogen for protozoan pathogens found in drinking water. Cryptosporidium is a significant pathogen among adults who are HIV positive or suffering from AIDS and it is a cause of persistent diarrhoea among young children (Harries 1991; Tarimo et al. 1996; Mølbak et al. 1997; Mwachari et al. 1998; Sodemann et al. 1999) . Water is a significant route of infection in developing countries (Kelley et al. 1997) .
Rotavirus is believed to account for a significant proportion of diarrhoeal disease in developing countries (WHO 1996 (WHO , 2004 
Estimating pathogen numbers based on indicator organisms
Thermotolerant coliforms were used as a surrogate for pathogenic E. coli. We have assumed that 95% of thermotolerant coliforms were E. coli (WHO 1996) and that 8% of E. coli were pathogenic (Haas et al. 1999) . Whereas some studies in tropical environments have suggested that a lower proportion of thermotolerant coliforms may be E. coli (Hazen & Torranos 1990) , previous studies in Uganda have
shown that when faecal pollution is likely, based on observation and sanitary surveys, the majority of thermotolerant coliforms are E. coli . Ashbolt et al. (2001) have noted that the spores of sulphite-reducing clostridia can be used as an index for Cryptosporidium, in particular in assessing removal through treatment given a similar resistance to chlorination. In this study we have used sulphite-reducing clostridia to indicate the risk from C. parvum in the water. A similar relationship between coliphage and enteric viruses has been reported by Grabow (2001) . In this study we have used coliphage as a surrogate for rotavirus. The concentrations of sulphitereducing clostridia and somatic coliphages in raw water were taken to represent worse case scenarios for the concentrations of the respective pathogens.
Establishing disease burdens for inclusion in risk models
In order to maintain a consistent comparison across the three pathogens, the health burden for each pathogen was related solely to that associated with diarrhoeal disease and death. The sequelae from E. coli O157:H7, including haemolytic uraemia syndrome (HUS) and end-stage renal disease add significantly to the overall disease burden.
Although there is sufficient data for HUS in Africa to incorporate this outcome into the risk model, there is far less data regarding the sequelae from C. parvum and rotavirus. We considered that including sequelae data (other than death) for pathogenic E. coli but not for C. 
Pathogenic E. coli
The disease burden for pathogenic E. coli was based on the strain with most severe outcomes, E. coli O157:H7; however, there is only limited dose-response data for E. coli O157:H7.
Hunter ( In this analysis we have used the mortality rate quoted by Kotloff et al. (1999) since it is more likely to reflect the higher mortality among children in developing countries.
The mortality burden was based on an average age of death of 12 months.
For this assessment the severity weights for the different outcomes were taken from Havelaar & Melse (2003) . The duration of watery and bloody diarrhoea was 3.4 and 5.6 days, respectively.
Cryptosporidium parvum
The most common outcome of C. parvum infection is watery diarrhoea. Death can occur, mainly amongst immuno-compromised individuals. In this QMRA, a mean duration of watery diarrhoea of 7.2 days was used ( unaids.org). The mortality rate from cryptosporidiosis amongst this group in Uganda is difficult to estimate. In the absence of any conflicting data an estimate of 10% mortality among the HIV population (equivalent to 0.8% of the total population) was used (Havelaar & Melse 2003) .
The years-of-life-lost amongst the HIV/AIDS group was calculated using data from UNAIDS (www.unaids.org). The data shows that 85% of HIV/AIDS infections in Uganda occur in the age group 15 -49 years, with a median age of death of 30.7 years. The remaining 15% was reported to occur in children under 15 years. For this group a median age of death of 7.5 years was used. The final estimate of years-of-life-lost due to cryptosporidiosis was based on a weighted average using the approach shown in Equations The disease burdens for each of the three pathogens are summarised in Tables 2 and 3 .
Calculating susceptible populations
The susceptible population was calculated from known rates of access to piped water supply in Kampala. Previous studies have shown that 20% of the population use a direct household connection and 80% rely on communal sources of water (Howard et al. 2002) . Data from a water usage study showed the following patterns of use (Howard et al. 2002) : † 25.2% of the unserved population use a single tap source † 3.6% of the unserved population use two tap sources and no other type of water source † 30.8% of the unserved population use a tap as a first source and another type of water as a second source † 8.2% of the unserved population use a tap as a second source and another type of water as the first source
One of the major issues facing the use of risk assessment models in developing countries is how to assess exposure among a population that uses more than one type of drinking water source. In this study, two possible approaches were considered:
1. The total exposure from drinking water is allocated to each source. In reality, this approach may significantly overstate the allocation of exposure to one source if this source is of significantly higher quality. This is certainly the case in Kampala where piped water is of much better microbial quality than alternative sources (Howard 2001) .
Exposure is allocated between the sources with a
'discounting' factor for exposure allocated to each source. This approach has the advantage of more reliably reflecting real exposures; however, it presents difficulties in determining what form of 'discounting' to employ.
In this study we have used the second approach. A discounting factor was calculated from the estimated This gives a total percentage of the unserved population that is susceptible as:
Percentage of population using other water sources who are also exposed from piped water ¼ (30.8
Total percentage of unserved population exposed
Total percentage of unserved population exposed to piped water as proportion of total unserved population
For ease of calculation this was rounded to 62%. We have assumed that each of the two treatment works serves an equal number of people: 31% of the total population.
Further adjustments were made to the exposed and susceptible populations figures to account for specific properties linked to the pathogen or water system: † For the QMRA of pathogenic E. coli, we estimated that 10% of the population served by the piped water system would be exposed since compliance failures occurred only at the end of distribution lines (Howard, unpublished observation) . † For the risk assessment of the protected springs, a susceptible fraction of 28% was used (100% minus the proportion allocated to piped water). (rounded up from the 41.7% calculated above) was used, as only those unserved households exposed to piped water were included. † We have assumed that all the population exposed would be susceptible to infection by pathogenic E. coli and C.
parvum. Although some immunity to these pathogens may be acquired, it was assumed that this is relatively short-lived. † The fraction of the population susceptible to rotavirus infection is influenced by the vulnerability of young children and the development of immunity in older children and adults. Based on estimates published in the GDWQ (WHO 2004), 17% of the total population exposed was considered susceptible. Table 4 summarises the sources of data used for the risk assessment. Each assessment of the treatment works was carried out using paired samples: a raw water sample and a sample from the outlet of each treatment process. Samples taken from the distribution system in the surveillance project were based on stratified random sampling (Howard & Luyima 1999) . Data on protected springs were taken from a longitudinal study of 63 springs in high, medium and lowdensity areas of Kampala, with samples taken between April 1998 and March 1999 (Howard & Luyima 1999) . The springs varied in their condition; high-density areas were generally less well maintained and had higher sanitary risk scores . Water quality data for household storage was taken from Howard & Luyima (1999) . Only those data from samples that could be matched with a source water from an NWSC supply were included.
Water quality data
The figures used in the QMRA are expressed in infectious pathogens per litre.
Analytical methods

Somatic coliphages
Somatic coliphages were isolated and enumerated using the method of Borrego et al. (1987) . A 1 ml sample of the water under test was mixed with 0.2 ml of E. coli C (ATCC 13706), grown to mid-log phase, and 3 ml of molten soft Luria agar.
The mixture was poured onto pre-prepared petri dishes containing a solid Luria agar base. The agar was allowed to solidify at room temperature before the plates were incubated at 378C for 18 hours. The results were recorded as plaque forming units per millilitre (pfu ml 21 ). The analytical method used by NWSC was identical to the method described above, except that the incubation at 44.5 þ /20.58C was continued for 20 hours and E. coli was confirmed from all presumptive positive colonies using the Enterotube identification system (Beckton Dickinson, UK).
Escherichia coli
The assessment programmes carried out by the Ministry of Health (Howard & Luyima 1999) were performed using portable water test kits (Oxfam-Delagua water test kit, RCPEH, University of Surrey, UK). The analyses were carried out using the membrane filtration technique described above (RCPEH 2004) . No confirmatory E. coli analysis was undertaken.
Sulphite-reducing clostridia
Clostridium perfringens spores were isolated and enumerated using membrane filtration technique and growth on 
RESULTS
Risk assessment findings
Pathogenic E. coli
In addition to the median three log reductions in the number of E. coli (Table 4) The QMRA for pathogenic E. coli in the distribution system is shown in Table 6 . Using the data from monitoring programmes carried out in 1998 and 1999 (Table 4) , the calculated risks were much higher (5.26E-04 for 1998 and 2.92E-04 for 1999) than they were for the water leaving the treatment works (Table 5) . Re-running the QMRA for single (Table 4 ). The calculated upper-bound potential burdens are 3.77E-02 for 1998 and 6.66E-02 for 1999. This analysis suggests that post-works contamination is a much greater problem than treatment failure. Table 7 summarises the risk assessment of stored household water, using the median level of contamination (Table 4) . A final disease burden of 2.82E-02 DALYs was obtained. To provide a point of comparison, the QMRA was re-run using the highest countable result of 562 cfu 100 ml 21 .
This provides a disease burden estimate of 5.24E þ 00. The risk assessment for protected springs is also summarised in Table 7 using the median level of contamination (Table 4 ). An annualised disease burden was calculated as 8.67E-02
DALYs. Using the highest countable result of 770 cfu 100 ml 21 , the disease burden was 4.78E þ 00.
C. parvum Table 4 shows that a minimum of 10 4 removal of C. perfringens was achieved in Gaba 1 and a similar figure was assigned to Gaba 2. The risk estimates for C. parvum are shown in Table 8 . The estimated disease burden for Gaba 1 was low, but exceeds the WHO reference level of risk. The risk from Gaba 2 under normal conditions was significantly higher. This is likely to be a consequence of limited data being available and the high mortality burden among people with HIV/AIDS. There was one failure at Gaba 2 and performing a risk assessment on this event demonstrated a significant increase in the disease burden (4.28E þ 00).
Rotavirus
The risk estimates for rotavirus are shown in Table 8 . The final burden of disease was high for both the Gaba 1 and Gaba 2 treatment works (7.88E-03 and 7.10E-03, respectively). Since coliphage were not detected in the final water (Table 4) 
DISCUSSION
The simplified methodology for QMRA described here provided a first estimate of the health burden from microbial contaminants in water sources in Uganda. These estimates will be improved as more data become available.
There are, however, some limitations to the QMRA carried out in this study.
The use of indicator and index organisms to provide estimates of pathogen concentrations in raw water and to measure treatment efficiency, introduces uncertainties into the final estimates, since their numbers may not reflect pathogen loads in the source water or pathogen recontamination during distribution. Furthermore, the use of point estimates does not capture the full range of disease outcomes. Approaches that use statistical distributions of health effects can provide more useful information, but only if there is sufficient data to create such distributions (Teunis et al. 1997; Havelaar & Melse 2003; WHO 2004) .
In the absence of local public health and microbiological data, the concentration of E. coli O157:H7 was estimated from published ratios of generic E. coli to pathogenic E. coli (Haas et al. 1999) . However, it is likely that the relative levels of E. coli and E. coli O157:H7 vary spatially and temporally and the use of a single estimate may significantly exaggerate or underplay the risk. For example, if the ratio of E. coli to strain O157:H7 is reduced by an order of magnitude, the final risk estimate would be reduced by the same amount. Nevertheless, 8% is a reasonable first estimate for this study since it highlights the differences in disease burden between water taken from different sources and between water at the outlet from the treatment works and in the distribution system. Furthermore, although the ratio may not accurately predict E. coli O157:H7, it should provide a reasonable estimate of the overall health burden and 300 oocysts per litre. Therefore, the predicted concentration in the raw water at the Gaba 2 works based upon the concentration of C. perfringens may be reasonable. It is of greater concern to this assessment that only a small number of data are available from a single assessment.
The risk assessment for rotavirus probably significantly over-estimates the disease burden from water. The absence of somatic coliphage in the final water and the limited amount of data collected makes more reliable estimates difficult. Although the risk may be over-estimated, it is likely that water contributes to a significant proportion of rotavirus infections. The use of multiple sources of water is a common practice in Uganda and it is important that this is reflected in the QMRA. We have used 'discounting' factors to take into account the use of multiple sources and to allocate a reasonable proportion of total exposure to an individual source. Although this is likely to be somewhat controversial, discounting does attempt to reflect the reality of water collection patterns and, therefore, potential exposure.
Monte Carlo simulation could have been used to estimate the proportion of users of taps, but this was considered to In this study, the risk assessment demonstrated the greater potential disease burden from water in the distribution system compared with water leaving the treatment works, which highlights the need to direct investment to improved operation and maintenance. It also showed that p Estimated based on non-detection in 1 ml and a default concentration of 0.9 ml 21 increasing access to piped supplies is a more important public health objective than improvement in the piped supply because the potential disease burden from the use of alternative supplies was much higher than from piped water. Furthermore, the analysis shows that there was a greater potential disease burden from the recontamination of stored water in the home. The QMRAs were used solely to provide water suppliers with an understanding of the potential public health risks from the piped water supply, and the information they need to make decisions about appropriate levels of investment. As discussed below, QMRA was successful in achieving this goal, and it is this application that appears to be most promising in developing countries.
The QMRA shows that the risk was significantly increased within the distribution system. This result suggests that investment in the operation, maintenance and upgrading of the distribution system should be a priority. Tackling issues such as leakage control is likely to be essential in this process and is not unexpected. Clark et al. (1993) and The risks associated with rotavirus were also high. 
Using risk assessment data for investment planning
The QMRA carried out here provides an indication of the present disease burden from each reference pathogen.
Having established the disease risk from the water supply, the QMRA can be used to calculate performance targets for the water treatment and supply system if the disease burden from any one of the pathogens was to be reduced. For example, if the authorities in Uganda were to set a health target of 10 26 DALYs, in line with the WHO reference level of risk, the QMRA matrix can be used to calculate the required reduction in pathogen numbers through the treatment works by changing the final disease burden (DB) term in the methodology outlined in Table 7 to 10 26 , whilst retaining the same raw water quality, dose response and disease burden per case. For E. coli this would require an improvement to approximately 6 logs, 7 logs for
Cryptosporidium and up to 8 logs for rotavirus.
Whilst it is possible to reach such levels of performance, it is questionable whether this would be cost-effective, given the low levels of access to piped water in the home, the use of alternative (and more contaminated) water sources and low sanitation coverage. Improvements in access to water supply, sanitation and hygiene could be expected to reduce the disease burden, as improvements in nutrition and boosting of immune systems would be expected to reduce the number of individuals developing more severe end-points. Furthermore, ongoing efforts to reduce HIV/AIDS prevalence would also be expected to significantly reduce the mortality burden.
Therefore, the actual level of investment required to meet the WHO reference level of risk in the future may be significantly lower than at the present time.
The data on re-contamination of household water indicates that the disease burden estimates from recontamination was over one order of magnitude higher than that posed directly from the piped water, and the likelihood of diarrhoea two orders of magnitude higher. It should also be noted that the use of NWSC water was found to be associated with better quality of household water than other sources of water (Howard, unpublished observation) . This assessment should be treated with some caution as some of the data from household water storage were taken from studies of other towns; however, there was no significant difference in average quality of the water supply from that of Kampala. It does, however, point to the need for improved water hygiene over improvements to the quality of the supply. Risks from recontamination could be greatly reduced by using household water treatment, as a further 4 to 5 log reduction in contamination can be expected using chlorine-based treatment (Sobsey 2002) . This would lead to a final disease burden estimate of 1.23E-08.
The disease burden from protected springs is over one order of magnitude higher than the risk posed by the piped water supply, and for cases of diarrhoea it exceeds the risk from piped water by about 1.5 orders of magnitude. This is consistent with the results from other studies that have
shown that the use of non-piped water sources was a significant risk factor for severe childhood diarrhoea in Uganda (Nasinyama et al. 2000) . This assessment further emphasises the value in improving access to the current NWSC supply as a means of reducing health risks.
CONCLUSIONS
A simple quantitative microbial risk assessment has been successfully applied in a developing country and the data has been shown to be a useful tool in supporting investment planning and decision-making for promoting safer water supply. Further data are required to refine the estimates made, or at least to try to assess the degree to which this current risk assessment deviates from estimates based on pathogen data. In the context of water supplies in Uganda we have shown that QMRA is a valuable tool for a water supplier in understanding the potential public health risks associated with their supplies.
Within the Uganda setting, three key findings emerge of particular interest to policy makers and water safety managers.
(1) Water quality deterioration in the distribution system represents a far greater risk than treatment performance. This finding is similar to other studies from the developed and developing world. This implies that the main need for water safety improvement in Kampala is within distribution management rather than treatment plant upgrades.
(2) For bacterial pathogens, the protected springs and recontamination of water during household storage pose a greater risk to health than the water in the piped distribution system. This suggests that increasing access to piped water closer to people's homes and promotion of household treatment of water is important to promote better health. However, this should be balanced with the need to ensure better water safety management within the distribution system, as increasing numbers of users will result in a changing risk assessment result.
(3) At the water treatment works, the risks posed by C.
parvum are higher than for pathogenic E. coli. This is not unexpected, as the works were not designed with C. parvum removal in mind. There is great reliance on chlorination to produce safe water, which, whilst effective against bacterial and (to a lesser extent) viral pathogens, will be ineffective for protozoa. Any upgrading for water quality improvements should therefore be based on improvement of C. parvum removal, primarily through the use of coagulationflocculation-settling to improve removal efficiency in rapid sand filtration. In addition, attention to the reliability of existing treatment is a priority and this should be placed within the context of a water safety plan. Further work is also required to assess the level of C. parvum in the source waters before any such upgrade be considered.
